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Calculating the electromagnetic wave generated by the interaction between an
ultrashort laser pulse and matter
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A self-consistent solution is obtained for the problem of electron flux generation by interaction
between an ultrashort laser pulse and a metal target. ©1998 American Institute of
Physics.@S1063-7850~98!01603-6#
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INTRODUCTION

The interaction between high-intensity ultrashort la
pulses and matter results in the generation of fast elect
with effective temperaturesTf'10 keV andTf'100 keV
for laser power densities on the targetql'1016 W/cm2 and
ql'1017–1018 W/cm2, respectively.1–3 The laser radiation is
converted to fast electrons with an efficiencyAf of order tens
of percent.1

On leaving the target, the fast electrons create elec
magnetic fields which act so as to return them back to
generation zone. The motion of the electrons in the s
consistent electromagnetic fields beyond the target may
to the dipole emission of an ultrashort, high-power elect
magnetic wave. Since the emission region is small, the w
may subsequently be focused by the usual means for fu
mental and applied research purposes. It is of interest to
timate the possible efficiency for conversion of the fast el
tron energy into an outgoing electromagnetc wave.

Here we present results of calculations made using
PM2D code to model the motion of the fast electrons a
electromagnetic fields generated by the interaction of a p
second laser pulse and a planar target at intensityql'1016

W/cm2.

FORMULATION OF THE PROBLEM AND METHOD OF
SOLUTION

Laser radiation focused in a beam of radiusr 0 is incident
normally on the surface of a metal plate. The time dep
dence of the supplied laser powerP(t) is described by an
isosceles triangle with a base duration of 10212 s and peak
Pmax51010 W. Near the spot a surface source of fast el
trons is defined with an isotropic angular distribution and
Maxwellian energy spectrum with the temperature

Te~ t !51003S P~ t !

pr 0
2q0

D 1/3

. ~1!

HereTe is in keV, the laser radiation powerP(t) is in watts,
andq051018 W/cm2.

The fast electron flux leaving the plate is given by

F~ t !56.3310293S Pmax

pr 0
2q0

D 3Af3S P~ t !

pr 0
2q0

D 2/3

, ~2!
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whereF(t) is measured in particles/~cm2/s! LB. and Af is
the efficiency of conversion of the laser radiation energy i
fast electron energy.

The motion of the fast electrons is described by

dp

dt
5eFE1

1

c
~v3H!G , dr

dt
5v, v5

cp

Ap21m2c2
,

~3!

wherem is the electron rest mass.
The Maxwell equations in a cylindrical coordinate sy

tem are used to determine the fields. The initial conditio
are taken as zero. The boundaryz50 ~surface of the plate! is
assumed to be conducting (Er50). The other boundaries
z5zmax and r 5r max are also conducting, but they are som
distance away and do not influence the field distribution
side the spot.

The calculation algorithm of our PM2D method is bas
on splitting into physical processes, which implies syste
atic modeling at each time step:

– the injection of fast electrons;
– motion of the electrons in electric and magnetic field
– the electron current distribution in the region;
– the electric and magnetic fields.
Making the time step small compared with the chara

teristic time of variation of the electric and magnetic fiel
ensures that the calculations of the electron motion and
fields are self-consistent.

The particle method is used to model the space–t
distribution of the electrons. An explicit ‘‘cross-shaped’’ di
ference scheme is used to find the numerical solution of
Maxwell equations.

RESULTS AND ANALYSIS

Calculations made for the parametersAf51021–1023

and r 0520–5 mm show that most of the electrons a
trapped by the electric field in a region of characteristic s
;1 mm near their surface of generation. The highest-ene
electrons escape from this region and then move back tow
the surface of the target with a helical motion. Some of th
reach this surface where they are absorbed.

As a result of the nonuniform~mainly alongz) electron
motion, an electromagnetic wave is generated. All the p
requisites of dipole radiation are present in our case, and
© 1998 American Institute of Physics
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parameters of the outgoing electromagnetic wave can be
termined by calculating the time dependence of the sec
derivative of the dipole moment with respect to timed̈. The
dipole radiation power is given by

I 5
2

3c3
d̈2, d̈2S d

dtE j zdVD 2

. ~4!

The fieldsE andH at the observation point at distanceR are
related to the dipole moment by the well-known relations4

H5
1

c2R
d̈3n, E5

1

c2R
@~ d̈3n!3n#. ~5!

Heren is the unit vector directed from the center of the targ
to the observation point.

Figures 1 and 2 display the second derivative of the
pole moment of the fast electrons as a function of time
various values of the parametersr 0 andAf . The calculations
made using the PM2D program show that the efficiency
conversion of the laser radiation into an electromagn
wave may reachKmax5Imax/Pmax'1025 for r 0510mm and
Af50.1, and also forr 055 mm andAf50.01, which corre-

FIG. 1. Time dependence of the second derivative of the dipole momen
various radii of the laser radiation spot forAf50.01.
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sponds to conversion of fast electron energy into electrom
netic pulse energy with efficienciesh5K/Af'1024–1023.

CONCLUSIONS

Calculations made using the PM2D program have sho
that fast electron energy may be converted into subpico
ond electromagnetic pulses with an efficiency of 1023–1024

when the intensity of the ultrashort laser radiation on
target is 1016–1017 W/cm2.

The authors are grateful to the MNTTs for financing th
work under ISTC Project No. 107-94.
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orFIG. 2. Second derivative of the dipole moment assuming various la
energy conversion efficiencies forr 0510 mm.


